INTRODUCTION
============

Cells are often exposed to various kinds of stress such as heat, oxidation, nutrient starvation or UV irradiation. To combat stress, cells have developed tolerance mechanisms such as repair of DNA damage, cell cycle arrest and alterations in translation ([@gkt153-B1]). Important components of the stress response mechanism include up-regulation of heat shock proteins, modification of specific proteins, as well as modulation of RNA metabolism and/or localization ([@gkt153-B1],[@gkt153-B2]).

Transfer RNAs (tRNAs) are a fundamental component of the translation machinery and play a key role in modulating translation during cellular stress. For instance, non-methionine-tRNAs \[e.g. tRNA(Leu)\] are aminoacylated with methionine under conditions of oxidative stress ([@gkt153-B3]). Thus, the rate of methionyl-misacylation increases, and the build-up of mischarged tRNAs leads to misincorporation of methionine during protein synthesis in HeLa cells ([@gkt153-B3]). Furthermore, tRNA transcription has been shown to be suppressed by various forms of stress ([@gkt153-B4]). Moreover, fragments produced from multiple tRNAs, so called tiRNAs, are generated in mammalian cells under arsenite-induced oxidative stress, and contribute to translational arrest ([@gkt153-B5],[@gkt153-B6]). The tRNA fragments are also produced in response to nutrient starvation and hydrogen peroxide-induced oxidative stress ([@gkt153-B7]). In mammalian cells, the cleavage of multiple tRNAs is catalysed by an endonuclease, angiogenin, which is a member of the RNase A family ([@gkt153-B7]). However, in yeast, the tRNA fragment is detected in oxidative stress and produced by an endonuclease Rny1, which is a member of the RNase T2 family ([@gkt153-B4],[@gkt153-B8],[@gkt153-B9]). Furthermore, it has been reported that in heat-stressed yeast cells, hypomodified tRNA and unstable tRNA, induced by mutation at the acceptor and/or T-stem, promotes degradation *via* nuclear exosome pathway-mediated TRAMP (Trf4/5-Air1/2-Mtr4) complex and the rapid tRNA decay (RTD) pathway ([@gkt153-B10; @gkt153-B11; @gkt153-B12]). In the nuclear exosome pathway, hypomodified precursor-tRNA(iMet) is recognized by the TRAMP complex, polyadenylated and then degraded by the nuclear exosome ([@gkt153-B9]). In the RTD pathway, specific hypomodified species of tRNA and destabilized tRNAs are degraded by exonucleases, Rat1 in the nucleus and Xrn1 in the cytoplasm ([@gkt153-B11],[@gkt153-B12]).

In addition to the degradation of the tRNAs, nuclear accumulation of tRNAs is known to occur under the environmental stress (i.e. nutrient starvation, oxidative stress, heat stress). For instance, nuclear accumulation of tRNAs occurs in *Saccharomyces cerevisiae* during nutrient starvation and oxidative stress ([@gkt153-B13],[@gkt153-B14]), and in rat hepatoma cells during nutrient starvation ([@gkt153-B15]). However, a more recent study showed that during amino acid starvation, nuclear accumulation of tRNAs does not occur in *Kluyveromyces lactis*, *Schizosaccharomyces pombe*, rat hepatoma cells and HeLa, HEK293 cells ([@gkt153-B14]). Thus, the relationship between stress response and the dynamics of tRNA in mammalian cells remain unclear under conditions of environmental stress. We have attempted to reveal the mechanism of tRNA degradation and the dynamics of nuclear accumulation in various types of mammalian cells during environmental stress.

In this study, we initially examined tRNA degradation in HeLa cells under different forms of stress such as heat, oxidation, low pH and cycloheximide-induced translational inhibition. As a result, we found that tRNA(iMet) is specifically degraded by the exonuclease Xrn1 in the cytoplasm and Xrn2 in the nucleus under heat stress. Additionally, heat stress also induced nuclear accumulation of tRNA(iMet). Here, we report a new degradation pathway of tRNA(iMet) and its nuclear accumulation in heat-stressed HeLa cells.

MATERIALS AND METHODS
=====================

Cell culture, cell treatment and RNA isolation
----------------------------------------------

HeLa cells were maintained in RPMI1640 medium with 10% fetal bovine serum (FBS) (BioWest) and antibiotic-antimycotic (GIBCO) at 37°C under an atmosphere of 5% CO~2~, and were grown until 70--80% confluent. The cells were given fresh medium in the presence of RNA polymerase III inhibitor (Merck), which was used at a final concentration of 50 µM, and pre-treated at 37°C for 30 min. Heat stress was achieved by incubating cells in a 43°C water bath for 0--6 h. Other forms of stress were induced by adding ethanol to the growth medium to a final concentration at 2%, 100 µM hydrogen peroxide, low pH (pH 5.0), 35 µM cycloheximide (Sigma-Aldrich) or addition of 150 mM NaCl. Cells were heat treated in the absence or presence of rapamycin (Sigma-Aldrich) (final concentration of 5 nM) and incubated at 37°C for 30 min. Rapamycin was added to the medium at the beginning of the heat stress. The cells were then washed with 1× PBS and suspended in RNA iso (TaKaRa) for total RNA extraction according to the manufacturer's instructions.

RNA analysis by Northern blot
-----------------------------

Total RNAs were separated by 10% PAGE in 7 M urea and TBE buffer, and then blotted onto a nylon membrane. RNA was detected using 5′-end \[γ-^32^P\]-ATP-labelled oligonucleotide probe, and the blot was scanned using an Imaging analyzer (Fujifilm). The tRNA probe sequences used in this study were tRNA(iMet): 5′-GCA GAG GAT GGT TTC GAT CCA TC-3′, tRNA(eMet): 5′-CCC CGT GTG AGG ATC GAA CTC AC-3′, tRNA(Leu): 5′-CGA ACC CAC GCC TCC ATC CGG AGA C-3′, Lys: 5′-GAA CCC TGG ACC CTC AGA-3′, tRNA(Pro): 5′-CTC GTC CGG GAT TTG AAC CCG GGA CC-3′, 5S: 5′-CAG GGT GGT ATG GCC GTA GAC-3′. Quantification of band intensity was calculated by Multi Gauge (Fujifilm).

Purification of tRNA(iMet) and tRNA(eMet) using a solid-phase DNA hybridization probe
-------------------------------------------------------------------------------------

The 3′-biotinylated DNA oligomer (5′-GCA GAG GAT GGT TTC GAT CCA TCG ACC TC-biotin-3′) was used to purify tRNA(iMet). The 3′-biotinylated DNA oligomer (5′-CCC CGT GTG AGG ATC GAA CTC ACG ACC TT-biotin-3′) was used to purify tRNA(eMet). Both oligomers were used as hybridization probes. HeLa cells were either incubated at 37°C or 43°C for 6 h. The tRNAs were prepared using Solution D, which included guanidinium isothiocyanate. Samples were Phenol/Chloroform extracted and partially purified by ion-exchange column chromatography. Purification of matured tRNA(iMet) and tRNA(eMet) was performed using a solid-phase DNA probe as described in Ishida's report ([@gkt153-B16]).

Melting profile analyses of tRNA(iMet) and tRNA(eMet)
-----------------------------------------------------

tRNA(iMet) and tRNA(eMet) were annealed in buffer A (50 mM Tri-HCl pH 7.6, 5 mM MgCl~2~, 100 mM NaCl) and then the melting curves were recorded on a spectrophotometer, UV-1650PC (Shimadzu). The temperature was increased from 25°C to 95°C over a period of 70 min.

HPLC analysis
-------------

tRNA(iMet) prepared from non-treated or heat-treated (0.05 A~260~ unit) HeLa cells were digested with 2 µg snake venom phosphodiesterase (Sigma-Aldrich), 20 µg RNaseA (Qiagen) and 0.125 U bacterial alkaline phosphatase (TaKaRa) in 20 µl of 50 mM Tris-HCl (pH 8.0) at 37°C overnight. Nucleosides were analysed on an HPLC (Hitachi L-2000 system) equipped with a reverse phase C18 column (NUCLEOSIL 100 C18). The solvent consisted of buffer, as detailed in our recent report ([@gkt153-B17]).

Western blot analysis
---------------------

HeLa cells were treated at 43°C for 0--6 h, or treated with specific siRNAs. The cells were washed with 1× PBS, suspended by buffer A \[50 mM Tris-HCl pH 7.6, 6 mM β-mercaptoethanol, 150 mM KCl and protease inhibitor cocktail (Merck)\] and then sonicated. Concentration of total protein was measured by Protein assay Reagent (Invitrogen). Total protein of 15 µg was separated by 8% SDS-PAGE and blotted onto a PVDF membrane (Millipore). After blotting, the membrane was blocked in Tris-buffered saline with 0.2% Tween 20 (TBST) containing 3% BSA for 1 h. The membrane was incubated with primary antibody (α-tubulin, mTOR, phopho-mTOR at Ser2448, eIF2 α and phosho-eIF2 α were purchased from Cell Signaling, and Xrn1 and Xrn2 from Abcam) in TBST containing 3% BSA. The membrane was washed using TBST, and incubated with second antibody (Millipore). Target protein was detected by imaging analyzer (Fujifilm). The band intensity was quantified using the Multi Gauge program (Fujifilm).

RNA fluorescence *in situ* hybridization (FISH), immunofluorescence, imaging analysis and statistical analysis of fluorescent intensity
---------------------------------------------------------------------------------------------------------------------------------------

FISH analyses were performed according to our recent report, using a DIG-labelled RNA probe (Roche) ([@gkt153-B18]). Localization of Xrn1 and Xrn2 were determined by immunofluorescence analyses. After the cells were heat treated, they were fixed with 4% paraformaldehyde phosphate buffer solution (Wako). Fixed cells were rinsed, using 1× PBS and permeabilized in 1× PBS containing 0.5% Triton X-100 on ice for 10 min. The cells were washed with 1× PBS three times. Then, the cells were blocked with blocking buffer \[10% FBS (BioWest), 1× PBS, 0.01% tween20\] at room temperature for 1 h and incubated with 2 µg/ml anti-Xrn1 antibody (Abcam) or anti-Xrn2 antibody (Abcam) with blocking buffer for 1.5 h. Unbound antibodies were removed with PBST (1× PBS, 0.2% tween20) for 15 min. The cells were incubated with 2 µg/ml alexa647-conjugated secondary antibodies (Invitrogen) for 1 h. After washing, the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI). Fluorescent intensity was quantified using LAS AF Lite software (Leica), and the numerical data were analysed by student's *t*-test (for localization quantification: *n* = 40).

Treatment with siRNA
--------------------

For Xrn1 and Xrn2 knock-down, Xrn1 and Xrn2 siGENOME SMART pools for each molecule were purchased from Thermo Fisher Scientific. HeLa cells were transfected with 10 nM of siRNA using Lipofectamin RNAi max (Invitrogen) for 24 h at 37°C under an atmosphere of 5% CO~2~. On the next day, the cells were replated and then cultured for 48 h.

Quantitative PCR
----------------

To monitor the knock-down levels by siRNAs, total RNA (500 ng) from siRNA-treated cells was used for Real-time PCR. The mRNAs were reverse-transcribed into cDNAs using RT reagent (TaKaRa). qPCR (SYBR Green 1 dye detection, TaKaRa) was performed on a detection system (TaKaRa) using specific oligo primers (Xrn1 sense 5′-GGA TTT TGC ACT ATT ACT ATC ATG GA-3′ and antisense 5′-GGA AAG GTG CAT AAT GAT AAG GA-3′, Xrn2 sense 5′-GAA GCC ATT CTT CCA GAT CAA-3′ and antisense 5′-CTG TGT CAG ATC CCT TAA CAT AGG-3′, GAPDH sense 5′-AGC CAC ATC GCT CAG ACA C-3′ and antisense 5′-GCC CAA TAC GAC CAA ATC C-3′). The cDNA of GAPDH was used as an internal control. The levels of expression of Xrn1 and Xrn2 were normalized against the GAPDH expression level. We independently repeated the experiments two or more times.

RESULTS
=======

tRNA(iMet)-specific degradation during heat stress
--------------------------------------------------

Initially, we used northern blot analysis to analyse the degradation of tRNAs in HeLa cells under heat stress (43°C), low pH stress, ethanol- and hydrogen peroxide-induced oxidative stress and translation inhibition by cycloheximide or high concentrations of sodium chloride ([Figure 1](#gkt153-F1){ref-type="fig"} and [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). To specifically detect the degradation of tRNA, HeLa cells were pretreated with RNA polymerase III inhibitor. RNA polymerase III inhibitor was reported to have an IC~50~ of 27 µM in HEK293 ([@gkt153-B19]). The IC~50~ is the concentration of compound that inhibits growth by 50%. Furthermore, RNA polymerase III activity is 90% inhibited in the presence of 200 µM RNA polymerase III inhibitor by *in vitro* analysis ([@gkt153-B19]). Thus, RNA polymerase III inhibitor was used at a concentration of 50 µM. Several candidates were selected for the analysis of tRNAs---tRNA(iMet), elongator tRNA^Met^ (tRNA(eMet)), tRNA^Lys^ (tRNA(Lys)), tRNA^Leu^ (tRNA(Leu)) and tRNA^Pro^ (tRNA(Pro)) ([Figure 1](#gkt153-F1){ref-type="fig"}A). These tRNA species were not degraded under ethanol- and hydrogen peroxide-induced oxidative stress, low pH stress and cycloheximide- and high concentration of NaCl-induced translational inhibition ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). By contrast, tRNA(iMet) was specifically degraded when the cells were subjected to heat stress. As shown in [Figure 1](#gkt153-F1){ref-type="fig"}B, none of the tRNAs were degraded when the cells were cultured at 37°C without heat shock. In contrast, when the cells were subject to heat stress by incubation at 43°C for up to 6 h, tRNA(iMet) was extensively degraded while the other tRNAs, including tRNA(eMet), displayed only slight degradation ([Figure 1](#gkt153-F1){ref-type="fig"}C). We independently repeated the hybridization experiments three times in order to confirm the reproducibility of the heat-induced tRNA(iMet)-specific degradation ([Figure 1](#gkt153-F1){ref-type="fig"}B and C, lower panels). Furthermore, the expression level of tRNA(iMet) was evaluated in the absence or presence of RNA polymerase III inhibitor during heat stress ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). As shown in [Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1), the expression levels of tRNA(iMet) in the presence of RNA polymerase III inhibitor remained less than the expression levels of tRNA(iMet) in the absence of inhibitor. This result indicates that supply of tRNA(iMet) by RNA polymerase III was suppressed by RNA polymerase III inhibitor. In summary, transcription of tRNAs by RNA polymerase III in HeLa cells was suppressed at a concentration of 50 µM RNA polymerase III inhibitor. Figure 1.Sequence and degradation of tRNAs in HeLa cells with or without heat stress. (**A**) Cloverleaf structures of our selected tRNAs are shown. The complimentary region to the DNA probe is illustrated, and the sequence of the DNA probe is given in [Supplementary information](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1). Northern blot analysis of tRNAs degradation at 37°C (**B**) and 43°C (**C**). 7.5 µg total RNA was loaded and blotted. Selected tRNAs were iMet (red), eMet (black), leucine (yellow), lysine (blue), proline (green). 5S rRNA transcribed by RNA polymerase III was used as a control. tRNAs and 5S rRNA were detected by a specific probe. Data represent the mean±SD for three independent experiments.

Although tRNA(iMet) and tRNA(eMet) both transport methionine to the ribosome, the two tRNA species have different characteristics. tRNA(iMet) functions in translational initiation and forms a specific complex with eukaryotic initiation factor 2α (eIF2α). In contrast, tRNA(eMet) functions in the translational elongation step and forms a ternary complex with eukaryotic elongation factor 1α (eEF1α). Therefore, tRNA(iMet) degradation induced by heat stress directly leads to a defect in the translational initiation step of protein biosynthesis.

Suppression mechanism of tRNA(iMet) degradation
-----------------------------------------------

Although tRNA(iMet) was subject to significant degradation after heat treatment, there was, nonetheless, a residual amount of tRNA(iMet) detectable in heat-stressed cells ([Figure 1](#gkt153-F1){ref-type="fig"}C). We reasoned that HeLa cells may possess a suppression mechanism associated with the degradation of tRNA(iMet). However, such a suppression mechanism has not been reported in the literature. To clarify the mechanism, we envisaged four working hypotheses as follows. First, the structural stability of tRNA(iMet) is altered by heat stress, which affects its degradation pattern. Second, the amount(s) and/or composition of modified nucleoside(s) within tRNA(iMet) are changed by heat stress, thereby adjusting its pattern of degradation. Third, the heat stress induces a decrease in the expression level of eIF2α, resulting in an accumulation of free tRNA(iMet). This accumulation of free tRNA(iMet) causes the specific degradation. Fourth, localization of tRNA(iMet) is altered by heat stress in mammalian cells, as reported for *S. cerevisiae*, which suppresses its degradation. We reasoned that the degradation of tRNA(iMet) and the subsequent suppression of its degradation could be a result of a combination of these proposed mechanisms.

The first hypothesis can be addressed by measuring the melting temperature of tRNA(iMet) prepared from normal and heat-stressed cells. If the L-shaped structure of tRNA(iMet) is partially disordered by heat stress, tRNA(iMet) may be recognized by nuclease(s). To confirm this idea, tRNA(iMet) was purified from HeLa cells with or without heat stress using the solid-phase DNA probe method ([@gkt153-B16]). The purity of tRNA(iMet) was confirmed by gel electrophoresis and HPLC nucleoside analyses. The HPLC analysis relies on the fact that tRNA(iMet) is an exceptional tRNA, which does not contain pseudouridine modification at any position ([Figure 1](#gkt153-F1){ref-type="fig"}A). The purified tRNA(iMet) was digested with RNase A, phosphodiesterase and alkaline phosphatase and then the modified nucleosides were analysed. As shown in [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1), a peak corresponding to pseudouridine was not observed in the nucleosides, suggesting that we successfully purified tRNA(iMet). The nucleosides in tRNA(iMet) from the heat-stressed cells were then compared with those from the non-heated cells: the calculated ratios are given in [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1), lower panel. The amount of modified nucleosides in both samples of tRNA(iMet) was almost identical, suggesting that heat stress does not influence its pattern of modification. Next, we measured the melting temperature of tRNA(iMet) isolated from normal and heat-stressed cells, which were determined to be 76.2°C and 77.3°C, respectively ([Figure 2](#gkt153-F2){ref-type="fig"}A, B and D). Thus, we confirmed that there is no significant difference in the melting temperatures of tRNA(iMet) derived from heat-treated and non--heat-treated cells. Furthermore, our experimental results showed that the melting temperature of tRNA(iMet) is no different from that of general tRNAs (e.g. melting temperature of yeast tRNA^Phe^ is 76.0°C), although human tRNA(iMet) has an exceptional sequence (A54U55) in the T-loop. Moreover, we purified tRNA(eMet) from non--heat-stressed HeLa cells, and the melting temperature was calculated to be 76.6°C ([Figure 2](#gkt153-F2){ref-type="fig"}C and D). Hence, the melting temperature of tRNA(iMet) was similar to that of tRNA(eMet). We conclude that there is no significant change in the stability of tRNA(iMet) after heat stress. Moreover, because the melting temperature of tRNA(iMet) is similar to that of tRNA(eMet), nuclease(s) probably recognize the sequence of tRNA(iMet). Figure 2.Melting profile and melting temperature of tRNA(iMet) and tRNA(eMet). Melting profile and melting temperature of tRNA(iMet) under normal conditions (**A**) and heat stress conditions (**B**) were calculated. Additionally, melting profile and melting temperature of tRNA(eMet) from normal culture conditions (**C**) was calculated. The calculated melting temperatures are summarized in (**D**).

Our second hypothesis suggests that the amount of modified nucleoside in tRNA(iMet) may change upon heat stress. Recent reports have shown that hypomodified tRNAs are subject to degradation in heat-stressed *S. cerevisiae* ([@gkt153-B10],[@gkt153-B11]). Thus, if the degree of modification in tRNA(iMet) changes when HeLa cells are heat stressed, nuclease(s) may not recognize the modified nucleosides in tRNA(iMet), and this could account for the observed suppression in its degradation. Therefore, the amounts of modified nucleoside of tRNA(iMet) purified from the HeLa cells with or without heat stress were analysed by HPLC ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). However, the amount of modified nucleosides was unchanged, showing that the heat stress did not influence the modification pattern of tRNA(iMet).

Our third hypothesis suggests that eIF2α is denatured (or degraded) by heat stress, leading to degradation of free tRNA(iMet). We examined the level of eIF2α in heat-stressed and non--heat-stressed HeLa cells by western blot analysis ([Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1) and [B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). Contrary to our expectation, the level of eIF2α slightly increased as a result of heat stress. Furthermore, we analysed the phosphorylation level of eIF2α ([Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). When eIF2α is phosphorylated under various forms of stress, translation is arrested ([@gkt153-B1]). As shown in [Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1), the level of phosphorylation of eIF2α rapidly increased shortly after the onset of heat stress, reached a maximum some 2--3 h later, and then gradually decreased. Phosphorylation of eIF2α is linked to a variety of stress signalling pathways, which leads to translation arrest. The decrease in the concentration of cytoplasmic tRNA(iMet) could be associated with dephosphorylation of eIF2α. These results suggest that the mechanism of suppression of tRNA(iMet) degradation does not involve thermal denaturation or degradation of eIF2α under heat stress, and that tRNA(iMet) degradation may be linked to the phosphorylation status of eIF2α. Based on these experimental results, we confirmed that the degradation of tRNA(iMet) cannot be explained by the first, second or third of our proposed mechanisms.

The fourth hypothesis suggests that the localization of tRNA(iMet) is altered by heat stress. In a recent report by Murthi, shuttling of tRNAs was shown to constitutively occur in *S. cerevisiae* ([@gkt153-B20]). Furthermore, nuclear accumulation of tRNAs is known to result from nutrient starvation and methylmethane sulfonate (MMS)-induced DNA damage in *S. cerevisiae*, and puromycin-induced translation arrest in Chinese hamster ovary cells (CHO) ([@gkt153-B13],[@gkt153-B14],[@gkt153-B21],[@gkt153-B22]).

Thus, we reasoned that heat stress-induced localization of tRNA(iMet) was a likely mechanism to explain the suppression in its degradation. To address this issue, we analysed the accumulation of tRNA(iMet) using FISH under heat stress ([Figure 3](#gkt153-F3){ref-type="fig"}). To inhibit transcription in the nucleus, HeLa cells were pretreated with RNA polymerase III inhibitor. The HeLa cells were then incubated in a water bath at 37°C or 43°C for 0--6 h. When the cells were cultured at 37°C, the ratio of cytoplasmic to total tRNA(iMet) was calculated to be 72% at 0 h, and no accumulation of tRNA(iMet) in the nucleus was observed during the time course of the experiment ([Figure 3](#gkt153-F3){ref-type="fig"}A and C). In contrast, heat stress induced nuclear accumulation of tRNA(iMet) ([Figure 3](#gkt153-F3){ref-type="fig"}B and C). At the start point (0 h), 73% of tRNA(iMet) was present in the cytoplasm. However, after the temperature shift, accumulation of tRNA(iMet) in the nucleus was detected in a time-dependent manner. The ratio of tRNA(iMet) in the cytoplasm to total tRNA(iMet) decreased during the first 3 h after the initial heat stress, although the rate of accumulation then slowed considerably ([Figure 3](#gkt153-F3){ref-type="fig"}B and C). Figure 3.Heat stress caused nuclear accumulation of tRNA(iMet). Nuclear accumulation of tRNA(iMet) was monitored by FISH in HeLa cells at 37°C (**A**) and 43°C (**B**) for the time indicated. (**C**) Ratio of cytoplasmic to nuclear tRNA(iMet) at 37°C (black) and at 43°C (red) is shown. Quantification of fluorescence was performed in 40 cells per hour by using the LAS program (Leica) and the results were averaged. Data represent the mean±SD (*n* = 40). (**D**) Superposition of degradation and accumulation of tRNA(iMet). The circles show the degradation of tRNA(iMet). The squares show accumulation of tRNA(iMet) from the cytoplasm to the nucleus.

In the recent report, when tRNA(iMet) with three extra nucleotide at its 5′ end and the mature 3′ end was injected into the nuclei of *Xenopus* oocyte, matured tRNA(iMet) appeared rapidly in the cytoplasm after processing of the 5′ end ([@gkt153-B23]). Thus, mature tRNA(iMet) cannot accumulate in the nucleus under normal conditions. In our experiment where new transcription was suppressed by addition of an RNA polymerase III inhibitor, mature tRNA(iMet) was mostly observed by northern blot analysis ([Figure 6](#gkt153-F6){ref-type="fig"}A). Additionally, FISH analysis confirmed that tRNA(iMet) did not accumulate in the nucleus under non-stress conditions ([Figure 3](#gkt153-F3){ref-type="fig"}A). These observations indicate that the mature form of tRNA(iMet) accumulated in the cytoplasm under normal conditions, but was probably transported into the nucleus when HeLa cells were exposed to heat stress.

In our previous report, we showed that the ratio of cytoplasmic to total tRNA(eMet) was slightly decreased after heat stress ([@gkt153-B18]). Taken together, these results suggest that tRNA(eMet) may be degraded in the cytoplasm at 43°C. Indeed, a slight decrease of tRNA(eMet) was observed by northern blot analysis ([Figure 1](#gkt153-F1){ref-type="fig"}C).

The accumulation pattern of tRNA(iMet) in the nucleus was similar to the degradation pattern of tRNA(iMet) ([Figure 3](#gkt153-F3){ref-type="fig"}D). This observation suggests that degradation of tRNA(iMet) is prevented by accumulation in the nucleus. If this hypothesis is correct, we might anticipate that the degradation of tRNA(iMet) would be suppressed more rapidly by promotion of nuclear accumulation of tRNA(iMet) using a suitable chemical reagent. It has been reported that nuclear accumulation of tRNAs is inhibited in the presence of rapamycin under amino acid starvation in *S. cerevisiae* ([@gkt153-B13]). Furthermore, the nuclear accumulation of tRNA(Tyr) is promoted by rapamycin in normal cultured *S. cerevisiae* ([@gkt153-B24]). To examine whether rapamycin affects the nuclear accumulation of tRNA(iMet) in the HeLa cells, we treated HeLa cells with rapamycin for 30 min and then measured the ratio of cytoplasmic to total tRNA(iMet). The ratio of cytoplasmic to total tRNA(iMet) decreased from 0.73 to 0.57 in HeLa cells after exposure to rapamycin ([Figure 4](#gkt153-F4){ref-type="fig"}A), similar to the results reported for cytoplasmic tRNA(Tyr) in *S. cerevisiae* ([@gkt153-B24]). Thus, a rapamycin-dependent tRNA accumulation system is present in mammalian cells. Figure 4.Nuclear accumulation of tRNA(iMet) was accelerated by rapamycin, which suppressed its degradation. Nuclear accumulation of tRNA(iMet) in the presence or absence of rapamycin was monitored by FISH. (**A**) HeLa cells were incubated in the absence (upper) or presence of 5 nM rapamycin (lower) for 30 min. Data represent the mean±SD (*n* = 40). (**B**) HeLa cells were heat-shocked in the presence of rapamycin for the time indicated. (**C**) Ratio of cytoplasmic to nuclear tRNA(iMet) under heat-shock in the absence (red) or presence of rapamycin (green) is shown. Quantification of fluorescence was performed in 40 cells per hour by using the LAS program and the results were averaged. Data represent the mean±SD (*n* = 40). (**D**) Degradation profile of tRNA(iMet) in heat-treated cells in the absence (red) or presence (green) of rapamycin. 5S rRNA was used as a control. Data represent the mean±SD of three independent experiments.

Next, we investigated the effect of heat stress in the presence of rapamycin and an RNA polymerase III inhibitor. As shown in [Figure 4](#gkt153-F4){ref-type="fig"}B and C, rapamycin accelerated the nuclear accumulation of tRNA(iMet) more rapidly under heat stress. To our surprise, the ratio of cytoplasmic to total tRNA(iMet) did not fall below ∼35% even in the presence of rapamycin ([Figure 4](#gkt153-F4){ref-type="fig"}C). Thus, although we confirmed a similar effect of rapamycin in mammalian cells as reported for yeast cells, there is an additional unknown mechanism(s) that controls the localization or degradation of tRNA(iMet). If all the tRNA(iMet) is accumulated in the nucleus during heat stress, protein expression should be completely arrested. However, a complete cessation of protein biosynthesis would block the expression of heat shock proteins, which are essential factors in the tolerance mechanism of cells. Therefore, it is essential that a constant amount of tRNA(iMet) is retained in the cytoplasm. We reasoned that an unknown mechanism must regulate the accumulation of tRNA(iMet) to maintain a ratio of cytoplasmic to total tRNA(iMet) of 35%.

To test whether the degradation was suppressed by the rapamycin-induced nuclear accumulation, HeLa cells were treated with rapamycin at 43°C and then the degradation of tRNA(iMet) was detected by northern blot analysis ([Figure 4](#gkt153-F4){ref-type="fig"}D). As expected, the degradation of tRNA(iMet) was suppressed by treatment of the heat-stressed cells with rapamycin. This result indicates that tRNA(iMet) degradation probably occurs in the cytoplasm. In summary, heat stress induces nuclear accumulation of tRNA(iMet), thereby blocking its degradation in the cytoplasm. Therefore, HeLa cells may display a suppression mechanism for tRNA(iMet) degradation.

Nuclear accumulation of tRNA(iMet) is correlated with the mTOR signalling pathway
---------------------------------------------------------------------------------

The mammalian target of rapamycin (mTOR) was the first identified target protein of rapamycin ([@gkt153-B25]). The mTOR signalling pathway, which includes mTOR, p70S6K kinase, eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and others, plays an important role in the regulation of multiple intracellular processes such as cell growth, cell proliferation, autophagy and translational arrest ([@gkt153-B26; @gkt153-B27; @gkt153-B28; @gkt153-B29]). Furthermore, it is suggested that tRNA trafficking is controlled by the mTOR signalling pathway in *S. cerevisiae* ([@gkt153-B30]).

In the current study, we showed that rapamycin accelerated the nuclear accumulation of tRNA(iMet) ([Figure 4](#gkt153-F4){ref-type="fig"}A--C). This finding indicates that the nuclear accumulation signal of tRNA(iMet) may be correlated with the mTOR signalling pathway under heat stress. The mTOR signalling pathway has been shown to be regulated by phosphorylation of mTOR at Ser2448, mediated by p70S6K kinase ([@gkt153-B31]). Furthermore, phosphorylation of mTOR at a different Ser residue, Ser2481, is known to be the result of self-phosphorylation ([@gkt153-B32]). Therefore, we initially tested whether Ser2448 of mTOR is phosphorylated in rapamycin-treated HeLa cells using western blot analysis ([Figure 5](#gkt153-F5){ref-type="fig"}). Chiang and Abraham ([@gkt153-B31]) have reported that the phosphorylation of mTOR at Ser2448 is reduced in the presence of rapamycin after 30 min. However, under our experimental conditions, the phosphorylation of mTOR at Ser2448 was slightly increased in the presence of rapamycin after 30 min ([Figure 5](#gkt153-F5){ref-type="fig"}A). To confirm this result, we independently carried out the experiment twice and the results were averaged. The apparent discrepancy between our results and those of the Abraham group may be due to a difference in the concentration of rapamycin (5 nM under our condition, 100 nM under Abraham group's condition) and the type of mammalian cells that were used (HeLa cells in our study, MCF-7 in Abraham group's study). In summary, these results suggest that the phosphorylation of mTOR at Ser2448 may depend on the concentration of rapamycin and on the mammalian cell line. Figure 5.Ser2448 phosphorylation level of mTOR. (**A**) HeLa cells were treated in the absence or presence of rapamycin for 30 min. Phosphorylation level of mTOR at Ser2448 was evaluated in the absence (right) or presence (left) of rapamycin by western blot analysis. Phospho-mTOR was normalized according to the expression level of mTOR. (**B**) Ser2448 phosphorylation of mTOR was detected under heat stress by western blotting analysis. mTOR was used as a control. (**C**) Circles, cells heat treated in the absence of rapamycin. Squares, cells heat treated in the presence of rapamycin. The ratio of phospho-mTOR was calculated as 1.0 for none treated zero time point. The expression of mTOR was used as a control. (**D**) Phosphorylation of mTOR under heat shock in the presence of rapamycin was detected.

Nuclear accumulation of tRNA(iMet) is accelerated in the presence or absence of rapamycin when the cells are heat stressed ([Figures 3](#gkt153-F3){ref-type="fig"}B and [4](#gkt153-F4){ref-type="fig"}B). Next, we tested whether phosphorylation of mTOR at Ser2448 occurs under heat stress. HeLa cells were heat treated at 43°C in the absence of rapamycin ([Figure 5](#gkt153-F5){ref-type="fig"}B and C). To confirm the phosphorylation level of mTOR at Ser2448, we repeated the western blot analysis twice and the results were averaged. As shown in [Figure 5](#gkt153-F5){ref-type="fig"}B and C, the level of phosphorylation of mTOR at Ser2448 increased slightly after the onset of heat stress, reaching a maximum at 3 h, and decreased thereafter. The level of phosphorylation at Ser2448 of mTOR increased slightly upon heat stress irrespective of the presence/absence of rapamycin ([Figure 5](#gkt153-F5){ref-type="fig"}B and C). Moreover, as shown in [Figure 4](#gkt153-F4){ref-type="fig"}B and C, nuclear accumulation of tRNA(iMet) was accelerated by rapamycin under heat stress. Is the nuclear accumulation of tRNA(iMet) correlated to the phosphorylation of Ser2448? To address this question, we analysed whether the phosphorylation level of Ser2448 was synergistically increased when the cells were heat treated in the presence of rapamycin. Thus, we treated HeLa cells with rapamcyin under heat stress, and assessed the Ser2448 phosphorylation level by western blot analysis ([Figure 5](#gkt153-F5){ref-type="fig"}C and D). As anticipated, the level of Ser2448 phosphorylation under heat stress in the presence of rapamycin increased more rapidly than when the experiment was conducted in the absence of rapamycin ([Figure 5](#gkt153-F5){ref-type="fig"}C and D). These results suggest that the nuclear accumulation of tRNA(iMet) may be correlated to Ser2448 phosphorylation of mTOR.

tRNA(iMet) degradation by Xrn1 and Xrn2
---------------------------------------

tRNA(iMet) was specifically degraded in heat stress-induced HeLa cells ([Figure 1](#gkt153-F1){ref-type="fig"}C). However, the nuclease(s) responsible for the degradation of tRNA(iMet) during heat stress was/were not identified. To clarify whether tRNA(iMet) was degraded by an endonuclease(s) and/or exonuclease(s), northern blot analysis was performed using total RNAs and three separate probes, designed to hybridize to different regions of tRNA(iMet) ([Figure 6](#gkt153-F6){ref-type="fig"}A). To detect the fragment(s) of tRNA(iMet), we used a large amount of total RNAs (50 µg) in each lane ([Figure 6](#gkt153-F6){ref-type="fig"}A). The northern blot confirmed degradation of tRNA(iMet) (data not shown), but no breakdown products were identified. Hence, we tried to detect the fragments of tRNA(iMet) by deliberately overexposing the imaging plate ([Figure 6](#gkt153-F6){ref-type="fig"}A). However, despite repeated attempts, we could not detect any fragment or ladder derived from tRNA(iMet) ([Figure 6](#gkt153-F6){ref-type="fig"}A). The fact that we were unable to detect tRNA(iMet) fragments indicates that it was degraded to the nucleotide level within a short period of time. This result strongly suggests that HeLa cells possess a specific and positive degradation mechanism for tRNA(iMet). Two independent studies have detected fragments of tRNAs from HeLa cells under nutrient starvation and oxidative stress ([@gkt153-B5],[@gkt153-B7]). However, because the heat stress-induced degradation was tRNA(iMet) specific and extremely rapid, our results indicated the presence of a novel degradation pathway. Figure 6.Degradation of tRNA(iMet) by Xrn1 and Xrn2 under heat stress. (**A**) To identify nuclease(s), a large amount of total RNA (50 µg) was loaded. tRNA(iMet) sequence and the three probe positions that were targeted are shown (left). tRNA(iMet) was detected by northern blot analysis using the three probes (right). Arrow shows mature tRNA(iMet) and asterisk shows the precursor-tRNA(iMet). (**B**) mRNA level of Xrn1 or Xrn2 by knock-down using specific siRNA was analysed by Real-time PCR. HeLa cells were transfected with non-targeting control siRNA, siXrn1 (left) and siXrn2 (right). (**C**) Efficiency of knock-down using specific siRNA was determined by western blot analysis. Tubulin was used as a control. (**D**) Quantification of tRNA(iMet) and 5S rRNA in heat-treated HeLa cells. Knock-down of Xrn1, Xrn2 or Xrn1/2 was detected by northern blot analysis. (**E**) Degradation profile of tRNA(iMet) was calculated in heated HeLa cells treated with specific siRNA. Filled circles, non-targeting control; squares, siXrn1 treated; triangles, siXrm2 treated; opened circles, double knock-down after treatment with siXrn1 and siXrn2. Degradation of tRNA(iMet) was normalized by 5S rRNA. Data represent the mean±SD for three independent experiments. (**F**) Double knock-down level of Xrn1 and Xrn2 was analysed by Real-time PCR. (**G**) mRNA expression levels of Xrn1 (square) and Xrn2 (triangle) were analysed by Real-time PCR under heat stress. (**H**) Protein expression level of Xrn1 (square) and Xrn2 (triangle) was analysed by western blotting. Tubulin was used as a control.

From the results shown in [Figure 6](#gkt153-F6){ref-type="fig"}A, we were unable to judge whether the nuclease(s) responsible for the degradation of tRNA(iMet) was an endonuclease and/or exonuclease. We therefore assumed that the candidate exonuclease was a member of the Xrns family (Xrn1, Xrn2 and others) ([@gkt153-B33],[@gkt153-B34]). The Xrns members of the family are 5′--3′ exonucleases and are highly conserved in eukaryotes. It is well-known that members of the Xrns family mediate various kinds of RNA degradation and have important functions in transcription, RNA metabolism and RNA interference ([@gkt153-B34],[@gkt153-B35]). Xrn1 is localized to the cytoplasm and is responsible for degrading decapped mRNAs, mRNA lacking a termination codon, mRNAs harbouring a premature termination codon and microRNA species ([@gkt153-B35; @gkt153-B36; @gkt153-B37; @gkt153-B38; @gkt153-B39]). Rat1 in *S. cerevisiae*, the counterpart of Xrn2 in mammals, is localized to the nucleus, and is thought to have a role in mRNA trafficking from the nucleus to the cytoplasm ([@gkt153-B40],[@gkt153-B41]). In more recent reports, Xrn2 was identified as an exonulcease that degrades mRNA, rRNA and microRNA in *S. cerevisiae* and mammalian cells ([@gkt153-B35],[@gkt153-B39],[@gkt153-B42],[@gkt153-B43]). Furthermore, Rat1 and Xrn1 promote degradation of hypomodified tRNAs and destabilized tRNAs in *S. cerevisiae* under heat stress ([@gkt153-B10],[@gkt153-B11]). Xrn1 and Xrn2 degrade small RNAs (e.g., miRNA) and large RNAs (e.g., rRNA).

Thus, we considered whether the degradation of tRNA(iMet) could be suppressed by knock-down of Xrn1 or Xrn2. To knock-down Xrn1 or Xrn2, HeLa cells were treated with Xrn1- and Xrn2-specific siRNAs. The mRNA expression levels of Xrn1 and Xrn2 were then measured by quantitative PCR ([Figure 6](#gkt153-F6){ref-type="fig"}B). We independently repeated the experiments twice. Furthermore, the protein expression level of Xrn1 and Xrn2 using specific siRNAs, siXrn1/siXrn2, was determined by western blot analysis ([Figure 6](#gkt153-F6){ref-type="fig"}C). The experiments were independently repeated twice. We confirmed that specific siRNA species reduced the mRNA and protein expression levels of Xrn1 and Xrn2 to \<20% those of the control cells, which were treated with a non-targeting siRNA ([Figure 6](#gkt153-F6){ref-type="fig"}B and C).

Next, we tested whether degradation of tRNA(iMet) under heat stress was suppressed by treatment with siRNA, siXrn1 or siXrn2, using northern blot analysis ([Figure 6](#gkt153-F6){ref-type="fig"}D). The degradation pattern of tRNA(iMet) treated with the non-targeting siRNA was similar to that observed in the absence of siRNA treatment ([Figure 6](#gkt153-F6){ref-type="fig"}D and E). In contrast, the degradation of tRNA(iMet) was significantly suppressed by the knock-down of Xrn1 ([Figure 6](#gkt153-F6){ref-type="fig"}D and E) showing that one of the responsible nucleases was Xrn1. The degradation curve of tRNA(iMet) in Xrn1 knock-down cells was similar to that in rapamycin-treated cells ([Supplementary Figure S5A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). Thus, the degradation of tRNA(iMet) was not completely suppressed in HeLa cells treated with siXrn1, suggesting that another nuclease(s) in addition to Xrn1 is probably involved in its breakdown. By contrast, the degradation of tRNA(iMet) was drastically reduced in HeLa cells treated with siXrn2, showing that tRNA(iMet) is principally degraded by Xrn2 in the nucleus ([Figure 6](#gkt153-F6){ref-type="fig"}D and E). However, the ratio of total tRNA(iMet) was increased in the nucleus ([Figure 3](#gkt153-F3){ref-type="fig"}B and C). This indicates that tRNA(iMet) may be translocated into the nucleus where the degradation took place. The combined degradation profiles of tRNA(iMet) by Xrn1 and Xrn2 resembled the degradation profile in control cells treated with non-targeting siRNA ([Supplementary Figure S5B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt153/-/DC1)). This observation suggests that tRNA(iMet) is specifically degraded by both Xrn1 and Xrn2. To confirm this idea, the double knock-down of Xrn1 and Xrn2 was performed ([Figure 6](#gkt153-F6){ref-type="fig"}B and F). As shown in [Figure 6](#gkt153-F6){ref-type="fig"}E (siXrn1 and siXrn2), tRNA(iMet) was not degraded in the double knock-down cells under heat stress. Thus, Xrn1 and Xrn2 are the main nucleases responsible for the degradation of tRNA(iMet) during heat stress. Until now, tRNAs have been reported to undergo cleavage by angiogenin in the cytoplasm during oxidative/starvation stress in mammalian cells ([@gkt153-B5],[@gkt153-B7]). In the current study, it was found that mammalian cells possess different stress-response mechanisms according to the type of stress the cells are subjected. Moreover, we identified a novel degradation pathway that operates in mammalian cells under heat stress.

We investigated whether heat stress has an effect on the transcription of mRNA of Xrn1 or Xrn2. As shown in [Figure 6](#gkt153-F6){ref-type="fig"}F, the mRNA expression levels of Xrn1 and Xrn2 were decreased by heat stress. Furthermore, the effect of heat stress on the protein expression levels of Xrn1 and Xrn2 was examined by western blot analysis ([Figure 6](#gkt153-F6){ref-type="fig"}H). We independently repeated the experiments four times. Our results show that the expression levels of Xrn1 and Xrn2 remained unchanged upon heat stress. These results suggest that Xrn1 and Xrn2 proteins may be more stable than Xrn1 and Xrn2 mRNAs during heat shock. Additionally, Xrn1/2 mRNA may be decreased with translational arrest during heat stress.

Finally, we tested whether the localization of Xrn1 and Xrn2 were altered during heat stress by immunofluorescence measurements ([Figure 7](#gkt153-F7){ref-type="fig"}). As shown in [Figure 7](#gkt153-F7){ref-type="fig"}A, there was slight translocation of Xrn1 from the cytoplasm to the nucleus when the cells were subjected to heat stress. However, no such translocation of Xrn2 was observed ([Figure 7](#gkt153-F7){ref-type="fig"}B). Previous reports suggest Xrn1 localizes in processing bodies (so called P-bodies) during normal culture ([@gkt153-B44],[@gkt153-B45]). However, cytoplasmic foci of Xrn1 were not observed under our experimental set-up ([Figure 7](#gkt153-F7){ref-type="fig"}A). P-bodies are undetectable in yeast during the exponential phase of growth when cultured under normal conditions ([@gkt153-B46],[@gkt153-B47]). Because the culture condition of HeLa cells in our study was exponential phase, cytoplasmic foci of Xrn1 may be undetectable. Furthermore, the number of P-bodies in yeast increased over 10--20 min during heat stress ([@gkt153-B47]). However, no P-bodies could be observed when the cells were held under conditions of heat stress for 60 min ([@gkt153-B47]). Because HeLa cells were treated for over 1--6 h in our experimental conditions, cytoplasmic foci of Xrn1 may be undetectable. These results indicate that the activation mechanism of Xrn1 and Xrn2 is not straightforward. Specifically, this activation is not controlled by transcription of Xrn1 and Xrn2 mRNAs, protein expression or major localization changes of Xrn1 and Xrn2. Figure 7.Immunofluorescence of Xrn1 and Xrn2 during heat stress. HeLa cells were heat shocked for different lengths of time, and the localization of Xrn1 and Xrn2 was determined at each time point. Altered localization of Xrn1 (**A**, left) or Xrn2 (**B**, left) was analysed by immunofluorescence. Ratio of cytoplasmic Xrn1 to total Xrn1 (A, right) or Xrn2 to total Xrn2 (B, right) is shown. Quantification of fluorescence was performed in 40 cells per hour, and the results were averaged. Data represent the mean±SD (*n* = 40).

DISCUSSION
==========

Herein, we found that when HeLa cells are exposed to heat, a stress response mechanism is activated that causes tRNA(iMet) to undergo specific nuclease-mediated degradation with concomitant nuclear accumulation ([Figure 8](#gkt153-F8){ref-type="fig"}). Furthermore, we found that rapamycin accelerates nuclear accumulation of tRNA(iMet). This phenomenon in HeLa cells is similar to that reported in yeast ([@gkt153-B24]). Moreover, Ser2448 phosphorylation of mTOR by heat stress may correlate with the accumulation of tRNA(iMet) in the nucleus. Additionally, using a knock-down procedure mediated by specific siRNA species, we identified the nucleases responsible for the degradation of tRNA(iMet) to be Xrn1 in the cytoplasm and Xrn2 in the nucleus. Figure 8.Summary of the heat stress response in HeLa cells. When HeLa cells are exposed to heat stress, tRNA(iMet) is specifically degraded by Xrn1 in the cytoplasm and Xrn2 in the nucleus, and the rate of nuclear accumulation of tRNA(iMet) is accelerated. Furthermore, nuclear accumulation of tRNA(iMet) is accelerated by rapamycin. Ser2448 of mTOR is slightly phosphorylated by heat stress and/or treatment with rapamycin. The phosphorylation of Ser2448 may correlate with the concentration of tRNA(iMet).

What regulates activation of Xrn1 and Xrn2? Recent reports indicate that Rny1 and angiogenin are key proteins involved in the cleavage of tRNA ([@gkt153-B4],[@gkt153-B48]). Rny1 is segregated from cytoplasmic tRNAs in the absence of stress, because Rny1 is localized to the vacuole ([@gkt153-B9]). However, Rny1 and other vacuolar proteins appear to exit the vacuole and move into the cytoplasm under oxidative stress, allowing access to cytoplasmic RNAs ([@gkt153-B9]). Furthermore, Xrn1 and Rat1 are regulated in heat stress-induced *S. cerevisiae* by Met22, which is involved in salt tolerance, methionine biogenesis and the dephosphorylation of 3′-phosphoadenosine-5′-phosphate ([@gkt153-B11]). As shown in [Figure 7](#gkt153-F7){ref-type="fig"}B, to our surprise, a signal of Xrn2 was slightly detected in the nucleolus at 0 h. However, time-dependent changes were not observed with this signal in the nucleolus, and Xrn2 was uniformly distributed throughout the nucleus. This result suggests that altered localization of Xrn2 may be a heat stress-induced activation mechanism of Xrn2, akin to the activation mechanism of Rny1. Additionally, as demonstrated in our previous report, after tRNA(iMet) and tRNA(eMet) has accumulated in the nucleus during heat stress, these tRNAs form nuclear tRNA granules around the nucleolus ([@gkt153-B18]). This phenomenon suggests that localization of tRNA(iMet) in nuclear tRNA granules may protect it from Xrn2-mediated breakdown, thereby repressing its degradation.

The melting temperature of tRNA(iMet) from normally cultured HeLa cells was similar to that of tRNA(eMet) ([Figure 2](#gkt153-F2){ref-type="fig"}D). This result suggests that Xrn1 and Xrn2 may also recognize the sequence of tRNA(iMet). Measurement of melting temperature did not reveal the partial stability of tRNA. It was recently reported from a nuclease sensitivity assay with RNase T2 that the RTD pathway that includes Rat1 and Xrn2, monitors the structural integrity of the acceptor and T-stem of tRNA and degrades unstable tRNA species ([@gkt153-B12]). The structure of the combined acceptor and T-stem of tRNA(iMet) destabilized the structure of tRNA(eMet) by 0.6 kcal/mol, as calculated using the RNA structure program ([@gkt153-B49]). Because the energy difference of 0.6 kcal/mol between tRNA(iMet) and tRNA(eMet) by calculation could be related to recognition of Xrn1 and Xrn2, it is necessary to clarify the problem of the structural stabilization of the acceptor and T-stem in tRNA(iMet).

Our results indicate that accumulation of tRNA(iMet) may be correlated with the mTOR signalling pathway ([Figures 4](#gkt153-F4){ref-type="fig"}A, 5A--D and 8). In a recent report, the phosphorylation level at Ser2448 of mTOR was shown to be regulated by the expression level of exportin-t (Xpo-t) ([@gkt153-B50]). Xpo-t binds newly synthesized tRNAs in the nucleus and mediates their transport to the cytoplasm. In yeast, knock-out of LOS1, which is the yeast counterpart of mammalian Xpo-t, leads to impaired tRNAs splicing and accumulation in the nucleus ([@gkt153-B50]). In nutrient starvation-induced fibroblasts, the degree of phosphorylation of mTOR at Ser2448 is lowered by knock-down of Xpo-t. Thus, phosphorylation of mTOR is regulated by the expression level of Xpo-t. Our current results and the report by Huynh suggest that phosphorylation of mTOR at Ser2448 may be controlled by Xpo-t in mammalian cells.

Recently, accumulation of tRNA in the nucleus was shown to occur under starvation of amino acids or glucose in *S. cerevisiae* ([@gkt153-B13]). However, tRNA accumulation is not accelerated in the presence of rapamycin under glucose starvation ([@gkt153-B13]). This result indicates that stress responses triggered by amino acid starvation and glucose starvation operate *via* distinct pathways in *S. cerevisiae* ([@gkt153-B13]). In this study, nuclear accumulation of tRNA(iMet) is accelerated in the presence of rapamycin under heat stress ([Figure 3](#gkt153-F3){ref-type="fig"}B and C). Our results, together with those reported by Whitney *et al.* ([@gkt153-B13]), suggest that the nuclear accumulation pathway during heat stress in mammalian cells may be similar to the stress response initiated by amino acid starvation in *S. cerevisiae*.

Why is tRNA(iMet) degraded and accumulated in the nucleus during heat stress? Under heat stress, translational arrest is brought about by phosphorylation of eIF2α ([@gkt153-B1]). In a report by Barhoom *et al.*, yeast tRNAs transfected into CHO were found to accumulate in the nucleus in the presence of puromycin, which induces translational arrest ([@gkt153-B22]). In this report, tRNA(iMet) was accumulated in the nucleus ([Figure 3](#gkt153-F3){ref-type="fig"}B and C). Nuclear accumulation of tRNA(iMet) may reflect translational arrest induced by heat stress. Is translational arrest simply the result of a decrease in the level of cytoplasmic tRNA(iMet)? In a recent report, DNA damage was detected in mammalian cells after heat stress ([@gkt153-B51]). Furthermore, tRNA accumulates in the nucleus as a consequence of MMS-induced DNA damage in *S. cerevisiae* ([@gkt153-B21]). Moreover, cancer cell survival following DNA damage is regulated by mTOR in mammalian cells ([@gkt153-B52]). Hence, nuclear accumulation of tRNA(iMet) not only activates translational arrest, but may also act as a sensor of DNA damage, a trigger of cell cycle arrest and autophagy as well as other cellular events.

Until now, angiogenin has been reported to be the only key endonuclease responsible for RNA degradation in mammalian cells under various forms of stress. Angiogenin cleaves the anticodon loop of mature tRNA to produce 5′- and 3′-fragments during nutrient starvation and oxidative stress ([@gkt153-B7],[@gkt153-B8]). The 5′-fragments trigger the assembly of stress granules in U2OS cells ([@gkt153-B53]). If angiogenin cleaves the anticodon loop of tRNA(iMet) during heat stress, the 5′-fragments may induce the assembly of stress granules, while the 3′-fragment is degraded by Xrn1/2. The full-length tRNA(iMet) was detected using this probe, but the fragment and half molecules of tRNA were not. In this study, when the expression levels of Xrn1/2 were reduced using specific siRNA, the degradation of tRNA(iMet) was almost completely abolished. Thus, the major degradation factors are Xrn1/2. Additionally, cytoplasmic foci were not observed by FISH analysis. Hence, the major factors in our identified tRNA degradation pathway were Xrn1/2. Nonetheless, based on the findings in this article, we cannot completely rule out the possibility that angiogenin might also participate in tRNA degradation. In conclusion, Xrn1/2 are the major factors in tRNA degradation although angiogenin may also be involved.

Our results suggest that tRNA(iMet) is recognized and degraded under heat stress conditions by two exonucleases, Xrn1 and Xrn2, in the cytoplasm and the nucleus, respectively. It is reported that unstable tRNAs are recognized by Xrn1 and Rat1 during heat stress in yeast ([@gkt153-B12]). Moreover, Phizicky's group used *in vivo* analysis to show that Xrn1 primarily degrades unstable tRNA(Ser) species ([@gkt153-B12]). The identified degradation pathway in heat stress-induced human cells includes Xrn1 and Xrn2, indicating the degradation pathway in human may resemble the RTD pathway in yeast.

Our findings, together with recent reports by others, indicate that stress responses differ in terms of heat stress and nutrient starvation/oxidative stress. The current study contributes to our knowledge concerning stress-induced RNA degradation and accumulation in mammalian cells.
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